The contraction process of living Vorticella sp. has been investigated by image processing using a high-speed video camera. In order to express the temporal change in the stalk length resulting from the contraction, a damped spring model and a nucleation and growth model are applied. A double exponential is deduced from a conventional damped spring model, while a stretched exponential is newly proposed from a nucleation and growth model. The stretched exponential function is more suitable for the curve fitting and suggests a more particular contraction mechanism in which the contraction of the stalk begins near the cell body and spreads downwards along the stalk. The index value of the stretched exponential is evaluated in the range from 1 to 2 in accordance with the model in which the contraction undergoes through nucleation and growth in a onedimensional space.
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In a variety of designs to generate movement at cellular and molecular levels, one of the fastest cellular mechanics is found in stalked protozoans such as single-celled Vorticella sp. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . It has been pointed out that the cell motility of Vorticella sp. is independent of the hydrolysis of adenosine triphosphate (ATP) and could be a convincing natural example of biological actuator. Vorticella sp. consists of a slender stalk (100-500 μm in length and 2-3 μm in diameter) and a bell-shaped zooid (30-60 μm in diameter). The stalk is attached to a substrate, and it contracts spontaneously within milliseconds and re-extends in a few seconds. Figure 1 shows a Vorticella sp. used in this report.
The spasmoneme, the organelle placed helically in the stalk, is responsible for the contraction of the stalk, as shown in Figure 2 . The spasmoneme (1-2 μm in diameter) consists of bundles of filaments (2-3 nm in diameter) and shrinks along the longitudinal direction. The spasmoneme of glycerinated Vorticella sp. contracts when Ca 2+ is added and re-extends when Ca 2+ is removed using a calcium agent such as EDTA and EGTA [1] [2] [3] [4] [5] [6] . It is noted that Ca 2+ induces the contraction of spasmoneme and that the hydrolysis of ATP is not necessary for the contraction directly 6 . The contractility of spasmoneme without ATP is fundamentally different from many other types of biological movements such as the contraction of muscles and ciliary motility. Major component of spasmoneme is spasmin, a calcium-binding protein that resemble calmodulin. The contraction could be repeated many times and the presence of membrane tubules inside the spasmoneme is proposed as calcium stores. A tensionextension curve of spasmoneme is described well by the generalized theory of rubber-like elasticity 6 . The observed tension dependence on the concentration of Ca 2+ proposed that a smallest unit of spasmoneme generate a tension when being combined cooperatively with about three Ca 2+ ions. However, the mechanism of contraction is still not clear at the molecular level.
A few researchers have studied the contraction process of Vorticella sp. in vivo by image processing using a highspeed video camera [7] [8] [9] . The motion of a zooid has been considered to be similar to the behavior of a damped harmonic oscillator; in this case, the stalk of the zooid is subjected to a Hookean spring forceand the zooid is subjected to a frictional force. The solution of the equation is a double exponential function and very useful to analyze the various experimental data, although a more precise model including the shape of the coiling stalk has been simulated 10 . However, a single exponential instead of a double exponential function was practically applied to the experimental data for the latter stage of the contraction process of Vorticella sp. 8, 9 . Here we have attempted to fit the all experimental data in the full range of the contraction process of Vorticella sp. using a double exponential function. It is successful for the contraction process of Vorticella sp. in the aqueous culture media as shown in this report, but it is unsuccessful for the contraction process of Vorticella sp. in the aqueous polymer solution 11 . In addition, a double exponential function is a little bit troublesome in the fitting operation to the data as compared with the following stretched exponential function. Therefore, in this report, a stretched exponential is newly proposed as a useful and simple fitting function to express the entire contraction process of Vorticella sp. and is applied to the data together with a double exponential function.
Experimental
Vorticella sp. in vivo was obtained from the activated sludge donated by the wastewater treatment plant 'Kitatama Ichigou Water Reclamation Center' (Fuchu-shi, Tokyo, Japan). A small piece of activated sludge was dispersed into the culture solution, that is, an aqueous solution of KCl (0.10 M), CaCl 2 ⋅2H 2 O (0.09 M) and MgSO 4 ⋅7H 2 O (0.01 M). Living cells were taken out by repeating the dispersion procedure and cultured at 21°C by adding a few drops of straw juice once a few days. The straw juice was obtained as the filtrate of the mixture of 10-15 g straws and 1,000 ml water which was boiled for about 20 min and placed for 1 d, then became opaque due to the Bacillus subtilis. When several glass tubes were set in the culture solution together with living cells in a dish, the cells became attached to the glass tubes within about one week.
The contraction processes of eight Vorticella sp. single cells attached to glass rods were observed. In order to initiate contraction, the cell was stimulated by hitting the dish. The contraction process was observed using an inverted microscope (IX70; Olympus Co.) and the bright field microscope images were recorded using a high-speed camera system (Ektapro High Gain Imager and Hi-spec Motion Analyzer; Eastman Kodak Co.) at a speed of 6000 frames/sec. The microscope images were transferred to a personal computer through the video board (Power Capture Pro; Canopus) and processed with Adobe Premiere 6.0 (Adobe Systems Inc.) at a spatial resolution of 640×480 pixels.
The programs for graphical analysis and curve fitting were developed using Delphi 3.1 (Borland Co., Ltd.). Various fitting functions can be estimated for all data curves by the nonlinear-least-squares method based on the quasiMarquardt algorithm using PLASMA software 12, 13 . Calculations were carried out on a personal computer (SF SV2408/B4; Microsoft Windows 2000).
Results and Discussion
A typical contraction process of Vorticella sp. is shown in Figure 3 (a). In Vorticella sp., a bell-shaped zooid is attached to a glass rod through a slender stalk. The stalk is straight at the initial stage. Then, it bends and coils into a helix near the zooid. Subsequently, the contraction spreads to the base of the stalk. The stalk re-extends and returns back to its original length in a few seconds. The coiling of the stalk is observed like a zigzag structure. The turning points of the zigzag structure are named as Top 1, Bottom 1, Top 2, Bottom 2, Top 3, Bottom 3, Top 4, Bottom 4, Top 5 and Bottom 5 from the zooid toward the base of the stalk as shown in Figure 3 (b). The sum of the lengths between Top I and Bottom I and the lengths between Bottom I and Top I + 1 (I = 1-4), that is, the length of the stalk itself does not change on the contraction process, so the turning points can be considered as the markers. The coordinates of these turning points are tracked along X axis at the origin of the point of attachment of the stalk to the glass. The X positions of the turning points are plotted as a function of time in Figure 4 . The position of Top 1 decreases monotonically, while the position of Top 4 starts to decreases after several milliseconds. It is clear that there is a finite time delay between the motions of the turning points near the zooid and near the base of the stalk. This fact is supported by the experiments about the motion of beads stuck onto the stalk 9 . The fact that the coiling of the stalk starts near the zooid and spreads downwards along the stalk suggests that some stimulus runs down the stalk.
The coordinates of the junction between the zooid and the base of the stalk were tracked to determine the reduced stalk length resulting from the contraction as shown in Figure 5 . It takes approximately 15 milliseconds for the stalk of length 460 μm to contract. The reduced stalk length, L obs (t), is plotted as a function of time in Figure 6 (a); the length of the fully contracted stalk is assumed to be zero. The instantaneous speed was obtained from the distance travelled during the time interval between frames and is plotted after the Savitzky-Golay seven-point smooth filtering in Figure  6 (b) 14 . A rapid increase in the speed is observed until it attains a maximum, after which it decays to zero. The following two fitting functions were applied to express the temporal change in the reduced length, L obs (t), owing to the contraction of Vorticella sp. The goodness of the fitting calculation was evaluated by a value of the residual sum of squares, χ 2 , as
where n, t 1 , and t 2 indicate the number of variable parameters of the fitting function L cal (t), the initial and the final time of the fitting range, respectively.
A Double Exponential Function -A Damped Spring Model-
In order to describe the contraction process of Vorticella sp. a damped spring model is applied as follows. The equation of the motion that describes the position of the zooid L cal (t), as with a damped harmonic oscillator, is
where m is the mass of the zooid, r is the radius of the zooid, η is the viscosity of water, and k is the Hookean force constant of the spring. The contractile force exerted by the Vorticella sp. balances the viscous force on the zooid in Stokes' formula. The solution of Eq. (2) for the over-damped system is a double exponential function as
Introducing an initial time delay t 0 , the actual fitting function was used as
The L obs (t) is fitted well by Eq. (4) as shown in Figure 7 , although it is a little troublesome to find the initial values of fitting parameters of Eq. (4) as compared with the following stretched exponential function. Figure 7 also shows that only second term of Eq. (4) explains the data in the latter stage of
the contraction process well. The fitting parameters, a, b, p, q, t 0 and χ 2 are listed in Table 1 . η is 0.890× 10 -3 Ns/m 2 and r is 30 μm. χ 2 is calculated by Eq. (1) with t 1 as t 0 . Consequently, the mass of the zooid, m, and the Hookean force constant, k, are evaluated from the value of fitting parameters, p and q, respectively. The Hookean force constant, k, ranges from 1.1×10 -4 to 1. The generated force in the initial stage of the contraction is estimated to be 4.58 ×10 -8 N in average by F = kx. This value is consistent with the isometric tension generated by glycerol-treated Vorticella convallaria as pointed by Y. Moriyama 8 . The instantaneous speed of the contraction process is analytically deduced by u(t) = −dL cal (t)/dt using Eq. (4) as 
The maximum speed of the contraction process, u max , is calculated by
The evaluated value of u max ranges from 4.3 to 7.5 cm/s for eight cells as listed in Table 1 for Vorticella convallaria.
A Stretched Exponential Function
In order to describe the temporal change of the reduced length resulting from the contraction of the stalk, a stretched exponential function is newly proposed as folloes.
where c is the entire reduced length resulting from the contraction of the stalk, and τ S is the characteristic time of the contraction. A stretched exponential function (Eq. (7)) with 0 ≤ β≤ 1 has been widely used to express the experimental relaxation process in various phenomena and known as Kohlrausch-Williams-Watts (KWW) function
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. On the other hand, a stretched exponential function (Eq. (7)) with 1 ≤ β was deduced by Avrami to explain the crystallization kinetics 16 and recently has been discussed from another viewpoint of convolution as well as the case of 0≤ β≤ 1 16 . As an actual fitting function, we used Figure 5 Time series of L obs (t) on the contraction process of Vorticella sp. 
where t 0 ′ is an initial time delay. The instantaneous speed of the contraction is analytically deduced by u(t) = −dL cal (t)/dt using Eq. (8) as
The maximum speed of the contraction, u max , is also analytically calculated as
L obs (t) is fitted well by Eq. (8) as shown in Figure 8 . Fitting parameters of Eq. (8), c, β, τ S and t 0 ′ are listed in Table 2 together with the maximum speed, u max , calculated by Eq. (10) and the sum of residue squared value, χ 2 calculated by Eq. (1) with t 1 as t 0 ′. The value of χ 2 of Eq. (8) (a stretched exponential) is 5-22× 10 -6 and smaller than that of Eq. (4) (a double exponential), 2-22 ×10 -5 , in spite of that the number of fitting parameters of Eq. (8), 4, is smaller than that of Eq. (4), 5. It indicates that a stretched exponential is more suitable for the fit than a double exponential. In order to dis- 4.27
criminate between Eq. (4) and Eq. (8) more as to better fit of data, the following χ 2 -map method was applied
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. Select two parameters and calculate the value of χ 2 as the value of the parameters is changed independently. We consider an orthogonal coordinate system, O-XYZ, and the two parameters of a fitting function are selected as X and Y coordinate axes and the calculated 1/χ 2 is plotted on the Z coordinate one. The value of 1/χ 2 approaches infinitely when a function fits well to the measured data. Such three-dimension graph is named a 'χ 2 -map'. This method enables us to estimate the fitting properties in the vicinity of a stable point in a trial function (fitting function). Figure 9 shows the χ 2 -maps for Eq. (4) and Eq. (8) applied to L obs (t). The most considerable fitting parameters of Eq. (4) should be p and q, while those of Eq. (8) are τ S and β. In case of Eq. (8) a unique peak is observed in a χ 2 -map and it means that the fitting parameters τ and β are independent for the fit. On the other hand, the χ 2 -map of Eq. (4) has a wall shape with the values of 1/χ 2 themselves low and it can be presumed that there is a strong correlation between p and q. This implies that it is difficult to separate p and q in Eq. (4) for the fit to the experimental data. The χ 2 -map method indicates that a stretched exponential is more suitable to explain the concentration process of Vorticella sp. than a double exponential function.
The β value of Eq. (8) ranges from 1.38 to 1.71 as listed in Table 2 . In case of 1≤ β, a stretched exponential function was deduced by Avrami to explain the crystallization kinetics that the crystal particles appear as nuclei and grow with the . Such nucleation and growth model is applied to the contraction process of Vorticella sp. as follows. Figure 10 shows the contractile process model of Vorticella sp. which is composed of a zooid as a bell and a spasmoneme as a line. The spasmoneme consists of small segments and each segment contracts as a nucleus appears and grows. The nucleation starts at the zooid and spreads downwards along the spasmoneme in a one-dimensional space. The number of nuclei at a time t, N, is assumed to be explained as
where α is space dimension from 0 to 1. If the reduced length owing to the contraction at a time t is X and the full length for the contraction is unity, the stalk length is 1− X. X increases with time and the increment is assumed to be proportional to N and (1 − X) as
Combining Eq. (11) and Eq. (12), one obtains, for the stalk length, 1 − X, which is proportional to the temporal change in the reduced length, L cal (t),
The experimentally evaluated β value ranges from 1.38 to 1.71 as listed in Table 2 . It indicates that the space dimension for the contraction, α ranges from 0.38 to 0.71 (the average over eight cells: 0.52). The fact that the experimentally evaluated space dimension, α, is smaller than unity supports the contraction model in which the segments of the spasmoneme are aligned one-dimension. The nucleation and growth model expresses the practical contraction profile that the coiling of the stalk starts near the zooid and spread downwards in a one-dimensional space. This image accords with the fact that the coiling of the stalk starts near the zooid and spreads downwards suggests that some stimulus runs down the stalk as shown in Figure 4 .
Conclusion
In this report, we executed two kinds of fitting functions, a double exponential function and a stretched exponential function for the entire contraction process of living Vorticella sp.. A double exponential function is deduced from a conventional damped harmonic oscillator model, while a stretched exponential is newly proposed to express a more particularly observed contraction mechanism in which the contraction of the stalk starts near the zooid and spreads downwards along the stalk. The index value of the stretched exponential is experimentally evaluated as 1.38-1.71 and consistent with the model in which the contraction occurs like nucleation and growth in a one-dimensional space. The space dimension for the nucleation is obtained as 0.38-0.71 by subtracting one from the index value and would be related to the propagation of some stimuli for the contraction. The usefulness of a stretched exponential function is also supported by the χ 2 map method and the fitness of the stretched exponential to the experimental data is better than that of the double exponential function.
